Abstract-The quality of the Ku-band scatterometer-derived winds is known to be degraded by the presence of rain. Little work has been done in characterizing the impact of rain on C-band scatterometer winds, such as those from the Advanced Scatterometer (ASCAT) onboard Metop-A. In this paper, the rain impact on the ASCAT operational level 2 quality control (QC) and retrieved winds is investigated using the European Centre for Medium-range Weather Forecasts (ECMWF) model winds, the Tropical Rainfall Measuring Mission's (TRMM) Microwave Imager (TMI) rain data, and tropical buoy wind and precipitation data as reference. In contrast to Ku-band, it is shown that C-band is much less affected by direct rain effects, such as ocean splash, but effects of increased wind variability appear to dominate ASCAT wind retrieval. ECMWF winds do not well resolve the airflow under rainy conditions. ASCAT winds do but also show artifacts in both the wind speed and wind direction distributions for high rain rates (RRs). The operational QC proves to be effective in screening these artifacts but at the expense of many valuable winds. An image-processing method, known as singularity analysis, is proposed in this paper to complement the current QC, and its potential is illustrated. QC at higher resolution is also expected to result in improved screening of high RRs.
I. INTRODUCTION
T HE METOP-A satellite was launched on 19 October 2006 carrying, among other instruments, the Advanced Scatterometer (ASCAT). The latter is a real-aperture C-band vertically polarized radar with three fan beam antennas pointing to the left-hand side of the subsatellite track and three fan beam antennas pointing to the right-hand side [1] . Scatterometers are known to provide accurate mesoscale (25-50-km-resolution) sea surface wind field information used in a wide variety of applications, including Numerical Weather Prediction (NWP) data assimilation, nowcasting, and climate studies. The radar antenna geometry, the measurement noise, as well as the nonlinearities in the relationship between the backscatter measure- ments in a wind vector cell (WVC) and the mean wind vector complicate the wind-retrieval process. In addition, scatterometers are sensitive to geophysical phenomena other than WVCmean wind, such as rain, local wind variability, confused sea state, and radar footprint contamination by land and ice. These phenomena can distort the wind signal, leading to poor-quality retrieved winds. As such, elimination of poor-quality data is a prerequisite for the successful use of scatterometer winds. Rain is known to both attenuate and scatter the microwave signal [2] . Raindrops are small compared to radar wavelengths and cause Rayleigh scattering. As the rain rate (RR) increases, the radar sees less of the radiation scattered by the surface and more of the radiation scattered by the rainy layer that becomes optically thicker due to volumetric Rayleigh scattering [3] . The higher the frequency of the radar, the larger the impact of both effects (rain attenuation and scattering). In particular, Ku-band systems, such as the National Aeronautics and Space Administration Scatterometer (NSCAT) [4] onboard the Advanced Earth Observing Satellite (ADEOS), the SeaWinds scatterometers [5] onboard the Quick Scatterometer (QuikSCAT) and ADEOS-2, and the currently operating Indian scatterometer onboard Oceansat-2 (OSCAT), are significantly affected by rain. The European Remote Sensing Satellites (ERS-1 and ERS-2) scatterometer [6] and ASCAT operate at a relatively low frequency (5 GHz) , and as such, the mentioned effects are expected to be small. However, in addition to these effects, there is a "splashing" effect. The roughness of the sea surface is increased because of splashing due to raindrops. This increases the radar backscatter (σ 0 ) measured, which, in turn, will affect the quality of wind speed (positive bias due to σ 0 increase) and direction (loss of anisotropy in the backscatter signal) retrievals.
Another effect associated with heavy rain is increased wind variability. Convective rain cools the air below and reinforces downdraft near convective cells. These downdrafts often hit the ocean surface and cause outflow over the ocean, leading to variable wind speeds and directions. Such variability within a WVC would increase the isotropy of the radar backscattering at the ocean surface, yielding lower quality wind retrievals.
Several methodologies have been proposed over the last 10-15 years to address the rain issue in scatterometry, notably for Ku-band systems. They can be grouped into the following three strategies: filtering rain-contaminated WVCs [7] - [9] ; correcting for the rain-induced backscatter contribution [10] - [12] ; and modeling both the rain-and the wind-induced backscatter with the objective of retrieving both parameters at the same time [13] , [14] . More recently, a neural-network approach, which maps radar backscatter to wind in all weather conditions, is currently being used to reprocess QuikSCAT data [15] . For the operational level 2 ASCAT Wind Data Processor (AWDP) [16] , developed by the Royal Netherlands Meteorological Institute (KNMI) in the framework of the European Organisation for the Exploitation of Meteorological Satellites (EUMETSAT) NWP Satellite Application Facility (SAF), a quality control (QC) has been developed. This QC is based on the inversion residual or maximum-likelihood estimator (MLE) information [17] , [18] , which can be interpreted as the closest distance of the ASCAT backscatter triplets (corresponding to the three antenna beams in each of the left and right swaths) to the cone surface shown in Fig. 1 [19] . For a given WVC position across the swath, the ASCAT-measured triplets are distributed around a well-defined "conical" surface, and hence, the signal largely depends on just two geophysical parameters, i.e., wind speed and direction. Such cone, the so-called CMOD5n geophysical model function (GMF) [20] , represents the best fit to the measured triplets and can, in turn, be used for QC purposes.
In general, the triplets lie close to the cone surface (i.e., low MLE values), further validating the two-parameter (i.e., wind vector) GMF. As shown by several QC procedures developed for previous scatterometer missions [7] , [17] , [21] , a large inconsistency with the GMF results in a large MLE, which indicates geophysical conditions other than those modeled by the GMF, such as rain, local wind variability, confused sea state, or ice. As such, the MLE provides a good indication for the quality of the retrieved winds. Recent work [22] shows that for triplets located outside the cone surface, the quality of the retrieved winds is good regardless of their distance to the cone surface, i.e., MLE value. To account for this different behavior inside and outside the cone surface, a sign is assigned to the MLE value, depending on whether the triplet is located inside (positive) or outside (negative) the cone surface. For more details on the MLE computation, see [22] .
In the current version of the AWDP, any WVC with MLE > +18.6 is flagged as poor wind quality. Although the ASCAT QC has proved to be very effective in rejecting WVCs with poor wind quality while keeping those with good quality [22] , it has not been specifically tested for rain effects.
On the other hand, an image-processing technique, known as singularity analysis (SA), has been recently proposed as a complementary QC tool [23] , in addition to the current ASCAT MLE-based QC. SA uses multiscale wavelet projections to calculate the singularity exponents associated to a given signal. The singularity exponents are measures of the local regularity or irregularity of the signal and provide information not only about existing geophysical structures, characterized as singularity fronts [24] - [26] , but also about any transition due to the presence of processing artifacts. Although further elaboration is needed, the method shows potential for complementing and therefore improving the current MLE-based QC.
In this paper, the rain impact on ASCAT-derived winds as well as the effectiveness of the MLE-and SA-based QC techniques are tested. In Section II, the different types of wind and rain data sources used in this paper are presented. In Section III, a thorough analysis of the rain impact on the ASCAT inversion residual or MLE is performed. The rain impact on the ASCATretrieved wind quality is analyzed in Section IV. The potential of SA in detecting rain-induced artifacts in the ASCAT-derived wind field is explored in Section V. Finally, the concluding remarks and recommendations are discussed in Section VI.
II. DATA
To study the effects of rain on both the quality of ASCATretrieved winds and the performance of the MLE-based QC, two different collocation data sets are examined.
1) The first data set consists of one year (2008) Three ECMWF three-hourly forecast winds (Analysis +3 h, +6 h, and +9 h) on a 62.5-km grid are interpolated both spatially and temporally to the ASCAT data acquisition location and time, respectively.
The collocation criteria for TMI rain data are less than 30-min time and 0.25
• spatial distance from the ASCAT measurement. Fig. 2 shows the spatial distribution of the ASCAT-ECMWF-TMI collocations on a global map, both for rain-free conditions (top) and for rainy conditions (bottom). There is a total amount of about 6.4 million collocations, i.e., 5.9 million under rain-free conditions and 0.5 million for various rainy conditions. When the collocation time is reduced to 15 min, the total number of collocations is reduced to roughly 3 million. latitudes. However, due to the difference in equatorial crossing times between DMSP orbits and Metop-A orbit, virtually no collocations with ASCAT data are found for the mentioned time collocation criteria (either 15 or 30 min). Since this paper requires small collocation errors, no SSM/I data are used.
2) The second data set used in this paper consists of 4.5 years (March 2007-August 2011) of OSI SAF 25-km ASCAT level 2 BUFR data collocated with ECMWF winds and tropical moored-buoy wind and precipitation data. Only buoys equipped with a rain gauge are used in this data set. By using the same collocation criteria as in the first data set, a total amount of about 3400 collocations is obtained. Note that the reason for using this collocation data set instead of collocation of all available buoy wind data with the ASCAT-ECMWF-TMI data set is that the former yields three times more collocations than the latter.
The tropical moored-buoy data used correspond to the National Oceanic Atmospheric Administration (NOAA) Tropical Ocean Atmosphere (TAO) and Prediction and Research Moored Array in the Atlantic (PIRATA) buoy arrays, which are located in the tropical Pacific and Atlantic Oceans, respectively, and the Research Moored Array for African-Asian-Australian Monsoon Analysis and Prediction (RAMA), which are located at the tropical Indian Ocean (see Fig. 3 ). The data are available online at the following NOAA site: http://www.pmel.noaa.gov/. In this paper, the buoy data distributed through the Global Telecommunication System (GTS) stream, quality controlled and archived at ECMWF, and kindly provided by Jean-Raymond Bidlot are used instead. Details on the data QC can be found in Bidlot et al. [27] . Note that, because of how the GTS data are encoded, the individual wind observations are only available to the closest m/s.
The buoy winds are measured hourly by averaging the wind speed and direction over 10 min. The real winds at a given anemometer height have then been converted to 10-m equivalent neutral winds using the Liu-KatsarosBusinger (LKB) model [28] in order to enable a good comparison with the 10-m scatterometer and ECMWF winds. The buoy precipitation data are collocated with the buoy winds from the same position (i.e., the same Note that the gray solid line corresponds to rain-free data, gray dotted to data in the range of 0 mm/h < RR ≤ 1 mm/h, gray dashed to 1 mm/h < RR ≤ 2 mm/h, gray dash-dotted to 2 mm/h < RR ≤ 3 mm/h, black solid to 3 mm/h < RR ≤ 4 mm/h, black dotted to 4 mm/h < RR ≤ 5 mm/h, black dashed to 5 mm/h < RR ≤ 6 mm/h, and black dash-dotted to RR > 6 mm/h. The number of WVCs for each histogram is provided in the legend. buoy). Two different temporally averaged RR parameters are computed, i.e., two-hourly and daily. Fig. 4 shows the histogram of MLE (i.e., distance-to-cone) values for different RR intervals. There is a clear bias of the MLE distributions toward positive MLE values (i.e., triplets located inside the cone) as RR increases. At RR = 0mm/h, the MLE distribution is almost symmetric with respect to the cone surface (almost the same distribution inside and outside the cone). In contrast, at RR above 6 mm/h, most of the WVC triplets are located inside the cone (positive MLEs), with a substantial amount of triplets being located very far away from the surface (large positive MLE values). This is an expected effect since rain tends to produce a loss of anisotropy of the radar signal, therefore projecting the backscatter triplets inside the cone surface. As mentioned in Section I, the AWDP MLE-based QC does filter WVCs with MLE > 18.6. Negative MLEs (triplets outside the cone) are not filtered regardless of their magnitude (distance-to-cone). As RR increases, more WVCs with large positive MLEs are obtained and therefore filtered by QC. As shown in [22] , a loss of anisotropy of the radar signal results in lower quality winds. As such, the loss of anisotropy due to rain is consistent with the AWDP QC.
III. RAIN IMPACT ON ASCAT MLE
Another interesting wind inversion parameter to examine is the number of ambiguities. Due to measurement noise and a highly nonlinear GMF, scatterometer wind inversion does not yield a single wind solution but typically up to four wind solutions or ambiguities [29] . For ASCAT, the cone is a doublefolded manifold, which usually implies dual ambiguity. Fig. 5 shows the histogram of the number of ambiguities for different RR intervals. It is clear that for RR = 0 mm/h, most of the WVCs have only two ambiguities. For increasing RR, the number of ambiguities increases. As shown by Portabella et al. [22] , ASCAT WVCs with poor-quality retrieved winds usually have three or four wind ambiguities. Fig. 5 therefore suggests that as RR increases, the quality of the retrieved winds decreases. This result is in line with the MLE response to RR shown in Fig. 5 . In summary, although MLE increases with RR, it is clear that with the current operational QC, many WVCs with MLE < 18.6 are affected by rain, even at high RR values (see Fig. 4 ). One can further constrain the QC by reducing the MLE threshold. In doing so though, a significant amount of rain-free goodquality WVCs will also be filtered out. As such, the MLE-based QC does not effectively screen rain for ASCAT. Nevertheless, the impact of rain on ASCAT wind-retrieval quality needs to be assessed before drawing any conclusion on the MLE-based QC.
IV. RAIN IMPACT ON ASCAT WINDS

A. ASCAT-ECMWF-TMI Analysis
To characterize the correlation between the RR and the quality of ASCAT-retrieved winds, ECMWF winds are used as reference. Fig. 6 shows the mean vector root-mean-square (VRMS) difference between ASCAT and ECMWF winds as a function of RR for different geographical locations. The solid line represents the results for the entire (global) collocation data set. As expected, there is an increasing degradation of ASCATderived winds for increasing RRs. However, the substantial degradation within the first few millimeter-per-hour bins (the mean VRMS value is roughly doubled from RR = 0 mm/h to RR = 3 mm/h) is beyond the expected (small) rain impact in the C-band backscatter for such (low) RRs. This increase in VRMS can alternatively be interpreted as an increase of ECMWF wind errors over rainy areas. Since the ASCAT TMI collocations are mostly within the tropics, ECMWF may be missing near-equatorial rain-related effects, such as downbursts and convergence. Fig. 7 shows the wind speed histogram of both ASCAT (a) and ECMWF (b) winds for different TMI-derived RR intervals. There is a clear positive wind speed shift in the ASCAT distributions for increasing RR, which is not present in the ECMWF distributions. Although the (ASCAT) positive shift is consistent with the already-mentioned rain-splashing effect, the latter is expected to be small at such (low) RRs. Moreover, downbursts and convergence are known to produce an increase in wind speed which is not well resolved by ECMWF [see rain-independent histograms in Fig. 7(b) ]. However, for RR above 6 mm/h, the difference between ASCAT and ECMWF wind distributions is well beyond the ECMWF uncertainty for rainy conditions, indicating a noticeable rain impact in the radar backscatter signal at such rain regimes.
As shown in Section II, there are about 12 times more rainfree WVCs than rainy WVCs in the collocation data set (see Fig. 2 ). Moreover, the spatial distribution of rain-free and rainy data sets is remarkably different. This implies that the (true) wind distributions can indeed be substantially different for both data sets, therefore misleading the interpretation of the results in Figs. 6 and 7. To ensure similar true wind distributions for rain-free and rainy conditions, the wind verification against ECMWF is performed in two different areas of interest with substantial collocations under rainy conditions, i.e., the ITCZ Pacific and Extratropical Pacific areas (see Fig. 2 ). Moreover, to match rain-free and rainy wind distributions, a more restrictive selection procedure is used by only taking rain-free WVCs in the vicinity of rainy WVCs.
Going back to Fig. 6 , VRMS scores are also shown for the ITCZ Pacific (dotted) and Extratropical Pacific (dashed) areas. In comparison with the overall scores (solid), these two regions show a lower VRMS increase for low RR. In fact, VRMS scores are much higher in the Pacific areas for RR = 0 mm/h, notably in the Extratropics (dashed). Since ASCAT is known to perform well under rain-free conditions, this suggests that ECMWF does not well resolve the airflow in the vicinity of rainy areas, and therefore neither in rainy areas. Another explanation for the high VRMS in rain-free (according to TMI) WVCs neighboring rainy WVCs is that, in fact, ASCAT winds may indeed be affected by rain. This is due to the time separation of up to 30 min allowed between ASCAT and TMI sensing time (see Section II). In such period of time, a neighboring rainy cell may have moved several kilometers, producing, in turn, a significant collocation error between ASCAT and TMI data. To reduce the collocation error, VRMS scores are recomputed with a new ASCAT-ECMWF-TMI collocated data set using a reduced time separation of up to 15 min. Similar scores to those shown in Fig. 6 are obtained. As such, although some rain contamination of the ASCAT radar footprint may occur for TMI rain-free collocated WVCs, this should be small. The results with the 15-min data set therefore reinforce the conclusion that ECMWF does not well resolve atmospheric dynamic features under rainy conditions, such as downdrafts. Fig. 8 shows the same as Fig. 7 but for the ITCZ Pacific area. Note that, in contrast with Fig. 7(b) , the ECMWF wind speed distributions [ Fig. 8(b) ] are very similar for rainy and rain-free (near rain) WVCs, as expected. The ASCAT wind speed distributions [ Fig. 8(a) ] though show a similar increasing positive shift with increasing RR to that of Fig. 7(a) . Fig. 9 shows the histogram of ASCAT (top) and ECMWF (bottom) wind directions relative to the ASCAT mid antenna beam for different RR values. The ASCAT wind direction distribution is very similar to that of ECMWF for rain-free WVCs, denoting good agreement between both wind sources.
However, for rainy WVCs, the ASCAT distribution is substantially different from that of ECMWF. The former has clear artificial (nongeophysical) accumulations, particularly at crosswind directions (90
• and 270 • ), increasing with RR. The same wind direction artifacts are found for the two Pacific areas, as well as when reducing the collocation time to 15 min (not shown). This systematic effect in the wind direction retrievals is well known in scatterometry and has been reported by several authors (e.g., [30] - [32] ). It is associated with scatterometerreduced wind direction skill. Portabella et al. [22] show that this effect usually occurs for ASCAT triplets located inside the cone and far from the surface. As such, the operational MLEbased QC generally shows good performance by detecting and filtering such artifacts. However, this is not the case under rainy conditions. The same crosswind accumulations are found when repeating Fig. 9 but only for WVCs with MLE < 2, i.e., for triplets located near the cone surface.
Another interesting point is that the lack of ASCAT crosswind accumulations for rain-free WVCs in Fig. 9(a) is also seen in the distributions of the Pacific areas (not shown). This further confirms that, in Fig. 6 (dashed and dotted lines), ASCAT winds are not (significantly) rain contaminated at the RR = 0-mm/h bin, and that the large VRMS at such bin is mostly due to ECMWF inaccuracies.
B. ASCAT-ECMWF-Buoy Analysis
To better disentangle the ASCAT and ECMWF rain effects, an independent wind source, such as buoy wind information, is required. Unfortunately, as mentioned in Section II, very few data are obtained from collocating all available buoy wind information with the ASCAT-ECMWF-TMI data set. A 4.5-year (almost the entire ASCAT mission) collocated ASCAT-ECMWF-buoy winds + buoy rain data set is used instead (see Section II). Two different RR parameters have been computed from buoy rain gauge time series: a two-hourly RR and a daily average RR.
The two-hourly RR has a very similar distribution to that of TMI rain (not shown). This is in line with the results found by Bowman [33] . In particular, Bowman [33] finds that the maximum correlation between TMI and buoy rain gauge precipitation data is achieved by temporally averaging the buoy RR measurements around the satellite overpass time. The optimal temporal averaging window varies within 2-10 h, depending on the spatial resolution of the TMI products. In particular, a 2-h averaging is deduced to be optimal for spatial resolutions of 25-50 km, such as those of TMI and ASCAT. Therefore, the presence of significant two-hourly RR should be a good indicator for rain contamination (surface-splashing effect) of the ASCAT backscatter signal. Note, however, that rain-induced downdrafts are also expected.
The daily RR product is expected to effectively segregate rainy areas from dry areas since atmospheric waves in the tropics are rather large scale. In particular, for no significant daily RR, one expects no rain-related effects, i.e., no rainsplashing or downdraft effects.
Due to the lack of collocations, a detailed analysis as a function of RR values, as performed in Section IV-A, cannot be done. A simple analysis using a combination of the two RR products (i.e., two-hourly and daily) and two different RR Table I provides the number of collocations for the four possible combinations, i.e., categories C1-C4. Note that the results for C2 will not be shown since they lack statistical significance (very small amount of collocations). The results are, however, in line with the results in C1. This is expected since C2 presents low two-hourly RR values (all below 1.5 mm/h), further confirming that, for daily RR < 0.1 mm/h (C1 + C2), the winds mostly correspond to dry stable atmospheric conditions. In contrast, categories C3 and C4 mostly correspond to rainy and unstable conditions. The main difference between these two categories is that C3 does not likely show local (at satellite overpass) rainy conditions. As such, mainly raininduced downdrafts are expected in C3, while both rain-induced downdrafts and local rain (splashing effect) are expected in C4.
In contrast with the data set used in Section IV-A, the ASCAT-ECMWF-buoy data set contains three different wind sources. As such, a triple-collocation analysis, as performed with a similar data set by Vogelzang et al. [34] , can be performed in order to calibrate two wind sources (ASCAT and ECMWF) to a reference source (buoy). The calibration is carried out for "dry" winds only (i.e., C1 or, likewise, C1 + C2) since the triple-collocation analysis does not work well when mixing very different wind variability regimes (such as those from "dry" and "wet" winds). Moreover, as seen in Table I , over rainy areas, there is little amount of collocations, and therefore, no statistically significant results are expected. Also important, by calibrating only in "dry" wind conditions, any bias in ASCAT or ECMWF winds (w.r.t. buoy winds) due to rain effects becomes more evident. Fig. 10 shows the scatter plots of ASCAT versus buoy winds (left) and ECMWF versus buoy winds (right) for wind speed (top) and wind direction (bottom) in C3. The left plots clearly present less scatter along the diagonal than the right plots, showing better agreement of ASCAT winds w.r.t. buoy winds than ECMWF w.r.t. buoys. This is confirmed by both the correlation and rms scores (see the legend in Fig. 10) . However, since the number of collocations is small, the wind direction scores are very much influenced by a few outliers. By filtering these outliers, the rms scores are reduced significantly, notably those of the ASCAT versus buoy wind directions (see Table II ). The scatter plots for C4 show a similar pattern with those for C3 (not shown). The effect of outliers in ASCAT statistics is even more exaggerated (see Table II ).
Interestingly, ASCAT wind directions do not show accumulations w.r.t. buoy wind directions [see Fig. 10(c) ]. In contrast, ECMWF wind directions seem to accumulate around 90
• and lack around 180
• and 360 • w.r.t. buoys [see Fig. 10(d) ]. These wind direction patterns are even more pronounced in C4 scatter plots (not shown), suggesting that ECMWF wind directions are inaccurate under rainy conditions. Table II shows the VRMS difference between ASCAT and buoy winds (first column) and ECMWF and buoy winds (second column) for categories C1, C3, and C4. In general, ASCAT winds are in better agreement with buoy winds than those of ECMWF, indicating that ASCAT resolves smaller scales than ECMWF. In unstable (high wind variability) conditions (e.g., C3), area-mean winds (ASCAT and ECMWF) tend to differ more (larger VRMS) from point measurements (buoys) than in stable (low wind variability) conditions (C1). In C3, where the presence of rain-induced downdrafts is likely, ASCAT winds are clearly in better agreement with buoy winds than ECMWF. In C4, the VRMS scores are higher than that in C3. Although ASCAT is still in better agreement with buoys than ECMWF, the difference in VRMS is smaller. This suggests a possible influence of the rain-splashing effect in the ASCAT retrieval quality. Fig. 11 shows the wind speed distribution of the three wind sources for C3 (left panel) and C4 (right panel). In C3, the distributions are quite similar, notably the buoy and ASCAT ones. However, in C4, the ASCAT distribution presents a positive shift with respect to the buoy distribution. This shift is similar to the one discussed in Section IV-A, suggesting a noticeable impact of the rain-splashing effect on the ASCATretrieved winds. Fig. 11 . Histograms of (solid) buoy, (dotted) ASCAT, and (dashed) ECMWF wind speeds for (a) C3 and (b) C4. Due to the small number of collocations, the binning is set to 2 m/s. Fig. 12 shows two different buoy wind and rain time series, together with the collocated ECMWF forecasts for the period of ±24 h of the ASCAT satellite overpass time. The first case shows an important rain event with its associated highwind-variability pattern, including downdrafts. It is clear that ECMWF does not resolve such high-resolution wind pattern since it varies rather smoothly over this period. The second case shows again a case of high wind variability. Although no significant rain was recorded by the buoy, the downdraftlike wind pattern suggests the presence of rain cells in the vicinity. Again, the ECMWF wind pattern is rather smooth. In contrast, ASCAT is well resolving these high-wind-variability cases, as indicated by its good agreement with the collocated buoy wind (at the satellite overpass time).
In summary, small-scale wind variability appears to increase with rain occurrence. ECMWF does not well resolve the airflow near rain and is rather smooth. ASCAT winds are much better here, but show some systematic effects in the wind direction distributions when compared with ECMWF. The buoy analysis, however, reveals systematic effects in ECMWF wind directions rather than in ASCAT wind directions under rainy conditions. An increase in ASCAT wind speed bias in tropical rain may be due to splashing effects. The MLE-based QC can detect and filter such rain effects, but possibly with rather low probability of detection and/or high false-alarm rate. An alternative method may therefore be useful to complement the current QC.
V. SA SA refers to any technique capable of evaluating the local singularity exponents of a given function around each one of its points. The concept of singularity exponent extends that of differentiability to a continuous range of cases, across which the regular character of the function can steadily vary. Singularity exponents also allow characterization of nonregular behaviors such as discontinuities and even actual divergences of the function to infinity.
To properly assess the local singularity exponent of a signal θ at the point x and scale r, noise, discretization effects, and long-range correlations need to be filtered by means of wavelet projections, namely where the local exponents h(x) are obtained by a log-log linear regression of the last expression using a particularly welladapted wavelet. Something interesting about the aforementioned formula is that all the dependence in the scale parameter is a power law, which means that what characterizes the regularity or irregularity of a function is a scale-invariant quantity, the singularity exponent h(x). This in particular means that singularity exponents can be evaluated at any resolution, and also that they are dimensionless quantities which are hence unaffected by changes in the amplitude of the modulating signal. It has been shown that the wavelet projections of the modulus of the gradient of the signal θ allow one to characterize the local singularity exponents with good spatial resolution [24] , [25] . SA is a powerful image-processing technique because it is strongly linked to the physics of the underlying fluid. As a consequence of the onset of turbulence in geophysical flows, any active or passive scalar in the ocean or the atmosphere is structured around singularity fronts, i.e., the places at which singularity exponents take the minimum (typically negative) values. The singularity fronts determine the boundaries of the domains at which the flow changes its behavior and hence can be identified with the main currents, as shown in repeated experiences with ocean surface image analysis (see [26] and the references therein).
When analyzing operational data such as ASCAT wind data, other singularity fronts are induced. This is mainly due to the fact that SA is normally applied to bidimensional maps of a given variable which is submitted to a process taking place in three dimensions. Thus, convergence and divergence areas associated at circulation cell boundaries will show up as singularity fronts in ASCAT-derived maps, because they represent actual separation between two flow regimes as observed by the satellite. However, other effects not related to wind circulation induce spurious singularity fronts. For instance, any error in the determination of the wind speed or direction of the wind vector leads to marked singularity fronts, as analyzed in [23] . In this section, we are particularly interested in observing this kind of effect when the source of the ill-determined wind vector is the presence of heavy rain in the ASCAT WVC. Fig. 13 shows an ASCAT-retrieved wind field with TMI collocated RR values superimposed. Note that the ASCAT QC rejects some of the WVCs under heavy rain (see black arrows around 6
Test Case
• N and 157
• E), but many other WVCs with heavy rain are not rejected (see the central part of the wind field). The latter are, in some occasions, spatially inconsistent as denoted by their patchiness, but in other cases, TMI heavy rain appears in areas with seemingly spatially consistent ASCAT winds. As discussed in Section IV, a more constrained QC (lower MLE threshold) may not be effective in filtering the wind artifacts. Fig. 14 shows a singularity map corresponding to the ASCAT wind field shown in Fig. 13 . The map is constructed as the minimum exponents of the singularity maps associated to the zonal (U) and meridional (V) wind components, which were processed as scalar independently (see [23] for further details). As shown in Fig. 14 , the presence of heavy-rain bands (see the darkest filled squares in Fig. 13 ) induce clear spurious singularity fronts, i.e., the places at which the value of singularity exponents is minimum (see the bright lines in Fig. 14) . Also note that the values of singularity exponents all over the rain-affected area are significantly smaller (whiter) than those outside the rainy area. The presence of rain decreases the signal-to-noise ratio of the radar backscatter. In turn, the ASCAT-derived wind field over rainy areas seems to show less regularity than that in nominal rain-free conditions and, hence, lower singularity exponent values. Further analysis is required to confirm this effect.
In summary, although separating rain-induced singularity fronts from wind-induced ones is far from trivial, SA shows potential to assess the quality of the scatterometer-retrieved wind fields.
VI. CONCLUSION
The ASCAT level 2 wind QC method, based on the inversion residual or MLE, is generally very useful in discriminating good-wind-quality WVCs from poor-wind-quality WVCs. In this paper, the effectiveness of the MLE-based QC has been assessed for rainy conditions. Although some correlation between the MLE value and RR is found, the operational QC proves to be little effective in rain screening, i.e., by maximizing heavyrain-contaminated WVC filtering, a substantial amount of rainfree good-quality WVCs are inevitably filtered too. However, the effect of rain appears mainly in increasing the wind variability near the surface, and unlike for Ku-band scatterometers, RR itself does not appear clearly as a limiting factor in ASCAT wind quality.
To assess the impact of rain in the ASCAT wind-retrieval quality, ECMWF winds are used as reference. It turns out that ECMWF does not well resolve the airflow under rainy conditions. ASCAT winds, however, show systematic effects in wind speed and direction distributions as a function of RR, which can be attributed to rain-induced wind-related effects, such as downbursts and/or convergence, but possibly also to splash effects for heavy rain. These systematic effects lead to degraded ASCAT wind quality, most notably for RR above 6 mm/h. These results are corroborated with an independent buoy wind and rain data set. Moreover, the buoy analysis reveals inaccuracies and systematic effects in ECMWF wind directions rather than in ASCAT wind directions under rainy conditions. However, the collocated buoy data set is rather limited. Further analysis on the ASCAT wind speed and direction artifacts will be carried out, provided that a larger buoy (wind and rain) data set becomes available. In addition, other independent and reliable data sources will also be explored.
An alternative method, based on SA, is proposed to complement the ASCAT operational QC. The method is tested here for a heavy-rain case. The ASCAT singularity map identifies the main streamlines of the airflow. The presence of heavy rain induces clear spurious singularity fronts. Although separating rain-induced singularity fronts from wind-induced ones is challenging, preliminary results show the technique's potential to assess the quality of the scatterometer-retrieved wind fields.
To contribute to the current ASCAT operational QC, further analysis is required. Future work will focus on analyzing the relationship between singularity fronts, for the ASCAT wind vector and each wind component (i.e., U, V, speed, and direction) separately, and all geophysical phenomena which affect the radar backscatter signal, including rain, local wind variability, confused sea state, etc.
Both the MLE QC-based and SA methods are expected to be more effective when applied on higher resolution ASCAT products, i.e., 12.5-km and coastal products (see OSI SAF products at http:www.knmi.nl/scatterometer/). On the one hand, ASCAT is expected to better resolve higher resolution wind phenomena (e.g., convergence and downbursts); on the other hand, the rain-splashing signal, being patchy and intermittent, is expected to become more evident at smaller ASCAT footprints. As such, we proceed to extend this study to the high-resolution ASCAT products.
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